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(57) ABSTRACT 

Novel pulse sequences are used to probe the properties of 

porous media, such as are found in subterranean formations 

and core samples. This use alloWs diffusion effects to be 

uncoupled from the overall T2 relaxation time of the sample. 

Properties such as internal ?eld gradient and distribution of 

diffusion coef?cients may be determined. A series of pulse 

sequences are applied to the media to be evaluated. The 

series of pulse sequences include ?rst and second WindoWs. 

The ?rst WindoWs include pulse sequences have varying 

characteristics, such as increasing echo spacing, While the 

second WindoWs preferably utiliZe similar pulse sequences 

Which have very small echo spacing. Apparent internal ?eld 

gradient distribution and apparent diffusion coef?cient may 

be determined as a function of T2 relaxation time. These 

properties are readily visualiZed in a tWo-dimensional map 

With a ?rst axis being the apparent internal ?eld gradient or 

alternatively the diffusion coefficient of pore ?uids, a second 

axis being the T2 relaxation times, and the vertical ampli 
tudes being proportional to the proton population. Other 
properties Which may be determined from use of this method 

include porosity, pore siZe distribution, oil and Water 

saturation, oil viscosity, oil Wettability, and permeability. 
Also, a method for determining and plotting a Tl-MAS 2D 
spectrum is provided Where T1 relaxation time and chemical 
shift are plotted on x,y axes While intensity of proton 

population is displayed along a third axis. 

27 Claims, 10 Drawing Sheets 
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METHODS OF DECOUPLING DIFFUSION 
EFFECTS FROM RELAXATION TIMES TO 
DETERMINE PROPERTIES OF POROUS 

MEDIA CONTAINING FLUIDS 

FIELD OF THE INVENTION 

This invention relates to methods of applying external 
magnetic ?elds and Radio Frequency (RF) pulses to ?uid 
saturated porous media and subsequently receiving and 
analyzing signals therefrom to determine properties of the 
?uid saturated porous media, and more particularly, to 
methods Which utiliZe Nuclear Magnetic Resonance (NMR) 
to analyZe properties of subterranean formations and bore 
hole core samples. 

BACKGROUND OF THE INVENTION 

NMR instruments are knoWn to be used Which employ 
pulsed RF ?elds to excite porous media containing ?uids in 
pore spaces thereby inducing signals to be emitted from the 
?uid and porous media. The emitted signals are then ana 
lyZed to determine important properties of the ?uid and 
porous media. Emitted signals of particular value include 
proton nuclear magnetic resonance signals. These signals 
are analyZed to provide data including porosity, pore siZe 
distribution of the porous media, percentage oil and Water 
content, permeability, ?uid viscosity, Wettability, etc. 
NMR measurements can be done using, for example, the 

centraliZed MRIL.RTM. tool made by NUMAR, a Hallibur 
ton company, and the sideWall CMR tool made by Schlum 
berger. The MRIL.RTM. tool is described, for example, in 
US. Pat. No. 4,710,713 to Taicher et al. Details of the 
structure and the use of the MRIL.RTM. tool, as Well as the 
interpretation of various measurement parameters are also 
discussed in US. Pat. Nos. 4,717,876; 4,717,877; 4,717, 
878; 5,212,447; 5,280,243; 5,309,098; 5,412,320; 5,517, 
115, 5,557,200 and 5,696,448. ASchlumberger CMR tool is 
described, for example, in US. Pat. Nos. 5,055,787 and 
5,055,788 to Kleinberg et al. 

The content of the above patents is hereby expressly 
incorporated by reference. 

Proton nuclear magnetic resonance signals measured 
from a ?uid-saturated rock contains information relating to 
the bulk and surface relaxation and diffusion coefficients of 
pore ?uids, the pore siZe distribution, and the internal 
magnetic ?eld gradient distribution Within pore spaces. 
These multiple pieces of information are often coupled 
together in a complicated fashion making it very dif?cult to 
sort out the value of each of the aforementioned individual 
physical quantities. 

Diffusion may be qualitatively described as the process by 
Which molecules move relative to each other because of 
their random thermal motion. This diffusive action of mol 
ecules enhances the relaxation rate of NMR signals in a 
magnetic ?eld gradient. 

For ?uids in rock pores, three independent mechanisms 
are primarily responsible for the relaxation or decay of 
magnetic resonance signals (Coates, G. R., Xiao, L. and 
Prammer, M. G., NMR Logging Principles and 
Applications, p. 46, (1999)): 

bulk ?uid relaxation processes, Which determine the value 
for T1 and T2 for bulk ?uids; 

surface relaxation Which affects both T1 and T2; and 
diffusion in the presence of magnetic ?eld gradients, 
Which only affects T2 relaxation. 
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2 
All three processes act in parallel, and the apparent T1 and 

T2 of pore ?uids are given by: 

l l l 
= — + —; 

Trapp T18 T13 
(1) 

(Z) 

1 _ g (3) 

Where: 

Tl?pp is the measured apparent longitudinal relaxation time 
of the pore ?uid; 

T15 is the longitudinal relaxation time of the pore ?uid in 
bulk phase, i.e., When it is an in?nite ?uid medium not 
restricted by pore Walls; 

T15 is the longitudinal relaxation time of the pore ?uid due 
to the surface relaxation mechanism; 
MW is the measured apparent transverse relaxation time of 
the pore ?uid; 

T25 is the transverse relaxation time of the pore ?uid in bulk 
phase, i.e., When it is an in?nite ?uid medium not 
restricted by pore Walls; 

T25 is the transverse relaxation time of the pore ?uid due to 
the surface relaxation mechanism; and 

TZD is the equivalent relaxation time of the pore ?uid of the 
enhanced relaxation rate due to diffusion of spins in a 
magnetic ?eld gradient; 

Where y is the gyromagnetic ratio, '5 is the time betWeen the 
initial 313/2 pulse and the subsequent at pulse, or half the echo 
spacing in a Carr-Purcell-Meiboom-Gill (CPMG) (Carr, H. 
Y. and Purcell, E. M., Phys. Rev. 94, 630 (1954) and 
Meiboom, S. and Gill, D., Rev. Sci. Instrum. 29, 668 (1958)) 
experiment, p1}2 is the surface relaxivity for T1)2 surface 
relaxation; S is the area of the pore surface; V is the volume 
of the pore; g is the magnetic ?eld gradient, and D is the 
diffusion coef?cient of the spins in the ?uid. 

Thus the measured magnetiZation decay, i.e., the spin 
echo amplitude as a function of time ti (the decay time for 
the i-th echo) for a single pore siZe system saturated With a 
single pore ?uid can be expressed as: 

(5) 

Note that Eq.(3) is valid for the fast diffusion limit, i.e., When 
the diffusion time for a spin to traverse the pore is much 
shorter than the surface relaxation time. Eq.(4) is strictly 
valid only for an in?nite medium and approximately valid in 
?uid-saturated porous media When the Gaussian approxima 
tion for the phase distribution of spins is satis?ed (Dunn, K. 
J. et al, SPWLA 42nd Annual Symposium, Paper AAA, 
Houston, Tex., June 17—20 (2001); and Dunn, K. J., Magn. 
Reson. Imaging, 19, 439, (2000)). In the present discussion, 
it is assumed that such Gaussian approximation is valid. 
Deviation of the physical quantities from their expected 
values may be attributed, in part, to the failure of such 
assumption. 
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Natural ?uid-saturated rocks generally have multiple pore 
sizes. If the surface relaxation strength is reasonably strong 
(i.e., p~10 pm/s), the spins in the pore ?uid can only diffuse 
a short distance of a feW pores, the spins at each pore relax 
more or less independently of the spins in other pores in a 
diffusion decoupled situation. 

Thus, the spin echo amplitude as a function of time ti for 
a multiple pore siZe system When there is no magnetic ?eld 
gradient can be expressed as: 

Mm) in. T . (6) 

To =2“ /2’ 

Where the ?rst term in the exponent of Eq.(S) is neglected 
because T2B>>T2S, and ti is the decay time for the i-th echo 
in a CPMG experiment, is the volume fraction of the pores 
characteriZed by a common T2 relaxation time T2], and 
1/T2]-=p2Sj/Vj (Where S]- is the pore surface area and V]- is the 
pore volume of pore siZe T2j=ot]-/p2 With otj=V]-/S]- as a 
measure of the pore siZe. 

The LHS of Eq.(6) can be obtained from a CPMG 
measurement, Whereas the volume fractions on the RHS of 
Eq.(6) are to be solved from the data analysis. This problem 
is usually treated by assuming a set of pre-selected T2] 
values equally spaced on a logarithmic scale and solving for 
the amplitude associated with T2]-. The solution obtained is 
called the T2 distribution (i.e., fjvs T21). This mathematical 
procedure of obtaining the T2 distribution is common in 
NMR relaxation data analysis and is referred to as an 
inversion process. Since T2j=ot]-/p2 in the fast diffusion limit, 
the T2 distribution frequently re?ects the pore size distribu 
tion of the rock. 

For a ?uid-saturated porous medium in a magnetic ?eld 
gradient, the problem becomes a bit more complicated. The 
magnetic ?eld inhomogeneities can come from an externally 
applied ?eld gradient, Which is uniform over the pore scale, 
and/or from local ?eld gradients Which have a spatial 
variation across individual pores. The latter is caused by the 
magnetic susceptibility contrast betWeen the solid matrix 
and pore ?uids. 

If the externally applied magnetic ?eld gradient is much 
larger than the local ?eld gradients in the pore space due to 
magnetic susceptibility contrast, the spin echo amplitude can 
be expressed as a function of time ti for a multiple pore siZe 
system as: 

MUi) i,./T . , 2 2 2 . (7) 
= .e i 218 v x rDn/3_ M. gr 

lglotze that the enhanced relaxation term due to diffusion, 
e'yg ‘DH/3, has a ?xed ?eld gradient g determined by the 
externally applied ?eld gradient. It is not related to the pore 
siZes, and can be pulled out of the summation sign. Thus, 
this term can be decoupled from the summation over dif 
ferent pore siZes, Which makes the analysis relatively easy. 

Frequently, the probed Zone of an NMR logging tool has 
a magnetic ?eld gradient distribution, S(g), Where the gra 
dient varies over a scale much larger than the pore scale such 
that the value g can be treated as a constant over the 
dimension of a representative volume element of the probed 
Zone. In this case, it is the same as Eq. (7), i.e., for each 
volume element, it has a constant g value. Thus, the 
enhanced relaxation term due to diffusion can be pulled out 
of the summation over different pore siZes and can be 
expressed in the folloWing form: 
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This is not the case, hoWever, When the local ?eld 
gradients become signi?cant or dominant. These internal 
?eld gradients are affected by the pore shapes and siZes, and 
vary over the pore scale. They cannot be decoupled from the 
summation over different pore siZes. The spin echo ampli 
tude as a function of time ti is noW expressed as: 

Where Pj-(g) is the volume fraction Which has a gradient 
value of g Within the pore of siZe j, and 

is normaliZed to 1. 
The fact that this enhanced relaxation term due to diffu 

sion cannot be decoupled from the summation presents a 
problem to the data analysis, namely, information cannot be 
obtained on the internal ?eld gradient distribution as a 
function of pore siZe, and thus corrections cannot be made 
on its adverse effect on data analysis. 

Similar problems arise When information is to be obtained 
regarding brine and crude oil saturated rocks from regular 
CPMG measurements, Where the internal ?eld gradients are 
small and are not a concern, but the crude oil also has a T2 
distribution Which is to be solved. The spin echo amplitude 
as a function of time ti is noW expressed as: 

(9) 

MM) 
M0 

(10) 

Where fWJ- is the volume fraction for brine and fog,- is the 
volume fraction for crude oil, and the diffusion coefficient of 
the crude oil, D0”, has a distribution, P(Doil), and 

lP(Duil)dDuil=1 (11) 

is normaliZed to one. 
Again, in Eq.(lO), the enhanced relaxation term due to 

diffusion for oil cannot be pulled out of the summation 
because it is related to the summation indices in the folloW 
ing manner: 

T 12 
DoiLj = “i ( ) 

T 13 
Tzyj : bi ( ) 

'1] 

and thus 

a 

b 
(14) 

folloWing the Constituent Viscosity Model (CVM) sug 
gested by Freedman et al. (Freedman, R., SeZginer, A., 
Flaum, M., Matteson, A., Lo, 50., and Hirasaki, G. J ., SPE 
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Paper 63214, Society of Petroleum Engineers, Dallas, Tex. 
(2000)), Where a and b are proportional constants, TK is the 
absolute temperature in Kelvin, and 11]- is the constituent 
viscosity related to the chosen T2]- and Dot-Li). 

Although the enhanced relaxation term due to diffusion 
for Water is not related to the summation indices because the 
diffusion coef?cient for Water is a single value and does not 
have a distribution, it cannot be treated separately. In fact, 
even though the diffusion coef?cient for Water is a single 
value, it can also have an apparent distribution of diffusion 
coef?cients due to the folloWing reasons: 

(1) effect of noise Which prevents the result from having a 
sharp and Well-de?ned value, 

(2) restricted diffusion effect from different pore siZes, and 
(3) unknoWn internal ?eld gradients Which superimpose 
upon any ?xed gradient over the pore dimension and lump 
their effect on the diffusion coefficient When a ?xed 
gradient value is used in the analysis. 

Accordingly, there is a need for one or more methods 
Which uncouple the entangled information due to diffusion 
effects received during NMR analysis so that determinations 
can be made regarding properties of porous media and ?uids 
contained Within pore spaces from a subterranean formation 
or from a core sample of rock. Furthermore, there is a need 
to display these results in a manner that is particularly 
effective in visualiZing the results of the analysis. 

SUMMARY OF THE INVENTION 

The present invention includes a method for analyZing the 
properties of a porous medium containing ?uids. The 
method includes the folloWing steps. A static magnetic ?eld 
B0 is applied to a porous medium containing ?uid in pore 
spaces to polariZe spins of protons in the porous medium and 
?uids and create an overall magnetiZation. A series of 
differentiated sequences of radio frequency (RF) pulses and 
possible gradient pulses is applied to the porous medium and 
?uids contained therein at the resonance frequency of the 
protons and at a given external magnetic ?eld to excite the 
magnetiZation. The pulse sequences have a preparation part 
folloWed by a ?rst WindoW of a time length t0 and a second 
WindoW, Wherein the portion of the pulse sequence in the 
?rst WindoW of at least one pulse sequence is differentiated 
by at least one differentiating variable vd from the portion of 
the pulse sequence in the ?rst WindoW of another of the pulse 
sequences. 

Induced resonance signals are acquired from the porous 
medium and ?uids contained therein during the second 
WindoWs of the pulse sequences. The resonance signals are 
acquired as a function of ti, PA1(tl-), and vd, Where ti is the 
time of the ith spin echo in the second WindoW as measured 
from initiation of that second WindoW, PA1(tl-) is the spin 
echo amplitude, and vd is the value of the differentiating 
variable. The acquired induced resonance signals, acquired 
as a function ti, PA1(tl-), and vd, are processed to determine 
properties of the porous medium and ?uids contained therein 
as a function of T2, one of g and D, and PA3, Where T2 is the 
transverse relaxation time of the protons, g is the internal 
?eld gradient in the pore spaces, D is the diffusion coef?cient 
of the ?uids in the pores, and PA3 is an amplitude distribu 
tion proportional to proton population. The use of the 
differentiated pulse sequences in the ?rst WindoWs of the 
pulse sequences creates differentiated decay amplitudes at 
the initiation of the second WindoWs. The acquisition of echo 
signals in the second WindoWs beginning at a time t0 and 
accommodates the uncoupled determination of the quanti 
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6 
ties of transverse relaxation time T2 of protons, either the 
internal ?eld gradients g or the diffusion coef?cient D, and 
the amplitude proportional to proton population PA3. 

Ideally, the values T2, one of g and D, and PA3 are plotted 
on orthogonal axes to produce a 2D NMR plot to provide 
visualiZation of properties of the porous medium and ?uids 
contained therein. 

Another method for analyZing the properties of a porous 
medium containing ?uids is also disclosed. Astatic magnetic 
?eld B0 is applied to a porous medium containing ?uids in 
pore spaces to polariZe spins of protons in the porous 
medium and ?uids and create an overall magnetiZation. 
Then, a technique called magic angle spinning is applied to 
the porous medium folloWed by a series of rotor synchro 
niZed radio frequency (RF) pulses. The RF pulses include a 
0 pulse folloWed by a 31/2 pulse at time '51. Free Induction 
Decay (FID) signals are acquired from the porous medium 
and ?uids contained therein as a function of recovery time 

'51. 
The acquired FID signals are Fourier transformed to 

obtain a plurality of proton chemical shift spectra at different 
recovery times '51 and further inverted to obtain an amplitude 
Which is proportional to proton population as a function of 
proton chemical shift and T1 relaxation time. 

Subsequently, the values T1 relaxation time, proton 
chemical shift and the amplitude proportional to the proton 
population are plotted on orthogonal axes to produce a 2D 
NMR plot for visualiZation of properties characteristic of the 
porous medium and ?uids contained therein. 

The present invention further includes storing the above 
analytical methods on a computer readable media for imple 
mentation by NMR instrumentation. Further, the above 
methods may be practiced on core samples in a laboratory. 
The determination of internal ?eld gradient and/or diffusion 
coef?cient distribution may be made as part of a doWnhole 
logging operation in a Wellbore. 

It is an object of the present invention to provide novel 
pulse sequences Which alloW diffusion effects, due to sig 
ni?cant internal ?eld gradients found in pore spaces of 
porous media, to be decoupled from overall T2 relaxation 
times. 

It is another object to provide a method for determining 
diffusion coefficient distribution as a function of T2 relax 
ation time in a porous medium containing ?uids. 

It is yet another object to provide a novel series of pulse 
sequences Wherein each pulse sequences includes a prepa 
ration part, a ?rst WindoW and a second WindoW. The portion 
of the pulse sequences in the ?rst WindoWs of the series of 
pulse sequences are differentiated from one another so that 
the spin echo amplitudes are differentiated from each other 
at the initiation of each of the second WindoWs thereby 
uncoupling the diffusion effect from the T2 relaxation time. 

It is a further object of the present invention to provide a 
mathematical method for handling the data contained in the 
attenuated T2 amplitude due to the diffusion effect, and to 
process such information into a useful multi-dimensional 
representation for petrophysical analysis. 

It is yet another object to provide a method Which 
removes or minimiZes the effects of the internal magnetic 
?eld distribution in porous media, such as rocks, in the 
analysis of the proton NMR relaxation data obtained from 
borehole logging measurements to thereby extract informa 
tion about the properties of the pore ?uids saturating the 
porous media from a proton NMR signal distorted by the 
presence of internal ?eld gradients and molecular diffusion. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features and advantages of the 
present invention Will become better understood With regard 
to the following description, pending claims and accompa 
nying draWings Where: 

FIG. 1A is a schematic representation of a ?rst generic 
series of Radio Frequency (RF) and Gradient pulse 
sequences utiliZed in the present invention to accommodate 
the uncoupling of diffusion effects from T2 relaxation times 
in an NMR analysis; 

FIG. 1B is a schematic representation of a particular 
species of a generic series of pulses of FIG. 1A Where the 
amplitudes of the gradient pulses are Zero; 

FIG. 2 is a 2D plot for a sandstone sample Wherein an 
amplitude, Which is proportional to proton population, is 
plotted as a function of T2 distributions and echo spacing; 

FIG. 3 is a 2D plot for the sandstone sample of FIG. 2 
Wherein the amplitude is plotted as a function of internal 
?eld gradient and T2 relaxation time; 

FIG. 4 is a 2D plot for a different sandstone sample 
Wherein an amplitude, Which is proportional to the proton 
population, is plotted as a function of internal ?eld gradient 
and T2 relaxation time; 

FIG. 5 is a 2D plot of an amplitude, Which is proportional 
to proton population, is plotted as a function of internal ?eld 
gradient and T2 relaxation times for a diatomite sample 
saturated With both Water and oil; 

FIG. 6 is a schematic representation of a second generic 
series of Radio Frequency (RF) and Gradient pulse 
sequences Which may be utilized in the present invention to 
determine diffusion coefficient distribution; 

FIG. 7 is a schematic representation of an amplitude, 
Which is proportional to proton population, plotted as a 
function of diffusion coef?cient and T2 relaxation time, 
Wherein the Water and oil signals are clearly separated in a 
2D representation; 

FIG. 8A is a schematic representation of a Magic Angle 
Spinning system Where a ?uid saturated sample is placed in 
a rotor spinning about its axis and With its axis inclined at an 
angle 54.74° With respect to an externally applied magnetic 
?eld BO; 

FIG. 8B is a generic T1 MAS 2D pulse sequence used in 
analyZing the sample of FIG. 8A; 

FIG. 9 illustrates a Fourier transformed chemical shift 
spectra of Free Induction Decay (FID) signals at different T1 
recovery times; and 

FIG. 10 is a 2D plot of an amplitude, Which is propor 
tional to proton population, as a function of T1 relaxation 
time and proton chemical shift. 

BEST MODE(S) FOR CARRYING OUT THE 
INVENTION 

Modi?ed CPMG pulse sequences are applied to porous 
media containing ?uids to determine various properties of 
the media and ?uids. The modi?ed CPMG pulse sequences 
alloW various properties to be determined Which previously 
have been undeterminable by prior methods due to the 
diffusion effects on T2 relaxation time. These diffusion 
effects are particularly signi?cant Where large internal ?eld 
gradients exist in ?uids located in pore spaces of porous 
media. 

Signals emitted from ?uids and the media are analyZed to 
determine T2 relaxation time (i.e. re?ecting pore siZe), 
internal ?eld gradient g, and amplitude Which is proportional 
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to the proton population. These properties are then plotted as 
2D NMR maps to enhance the visualiZation of properties of 
the porous media and ?uids contained therein. Similarly, 
diffusion coef?cient distribution D can be determined and 
plotted in a 2D NMR map, Where one axis is the T2 
relaxation time, a second axis is the diffusion coef?cient 
distribution D, and the third axis is amplitude Which is 
proportional to the proton population. In this 2D NMR map, 
Water and crude oil are readily discernible thus alloWing for 
the easy determination of Water and oil saturation, as Well as 
the oil viscosity and oil Wettability. 

These 2D maps may also be used to advantageously to 
display TlMAS 2D NMR results. 

Previous Approaches 

Previous approaches for determining the internal ?eld 
gradient g of ?uids using regular CPMG pulse sequences 
have met With little success. For example, suppose a series 
of CPMG data is collected, each With a different echo 
spacing of 2'5, and an attempt is made to invert the internal 
?eld gradient distribution g of the porous system from this 
set of data. A common approach is to normaliZe all CPMG 
data With the smallest "c: 

Where ‘is is the smallest "c. If there is only one dominant pore 
siZe, or Pj-(g) is the same for all pore siZes, then the integral 
in the numerator can be factored out. The summation over 
different pore siZes can be cancelled, leaving. Eq.(15) With 
a set of decaying data on the LHS and the integral of internal 
?eld gradients on the RHS: 

(16) 

Then the internal ?eld gradient distribution g for the 
dominant pore siZe can be obtained through linear inversion 
using regulariZed routines. An example of such regulariZed 
routine is singular value decomposition (SVD) method. 
Algorithms for performing such analyses can be found in 
Numerical Recipes, Press, W. H., Flannery, B. P., Teukolsky, 
S. A., and Vettering, W. T., Cambridge University Press, 
(1988)). 

While this approach Works When there is only one domi 
nant pore siZe, it is incapable of deducing internal ?eld 
gradient distributions for all pore siZes. A problem exists as 
it is difficult to decouple the integral of internal ?eld 
gradients g from the summation over the pore siZes. If a data 
inversion is carried out Where there are multiple pore siZes, 
the inverted internal ?eld gradient distribution Would be a 
strange composite of contributions from all pore siZes With 
very ambiguous physical meaning. 

Suppose the problem is addressed in a tWo-dimensional 
fashion in the folloWing manner: Invert the CPMG echo 
trains and obtain all T2 distributions With different echo 
spacings. Then these T2 distributions may be displayed as a 
function of echo spacing along a dimension perpendicular to 
the T2 relaxation time axis. Presumably, one Would expect 
the T2]- amplitude decays along the dimension of increasing 
echo spacing similar to the folloWing: 
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Where the factor ti in the exponent is temporarily ignored. 
Then, for each T2]- (or each pore size), an internal ?eld 
gradient distribution g is inverted from this set of data With 
varying echo spacing. The result Would then be a 2D-plot of 
internal ?eld gradient distribution g as a function of T2], or 
pore siZe. Unfortunately, this scheme does not Work. With 
the regular CPMG data of different 'c’s, the inversion rou 
tines Would not give a T2 distribution With 

as an attenuated amplitude at T2]- for increasing '5, but rather, 
Would push the amplitude to a shorter relaxation time, 
rendering it impossible to invert the internal ?eld gradient 
distribution as a function of pore siZe. This is because the ti 
in the exponent inside the integral 

is not separable from the echo train, and the inverted t2] 
amplitude Would not be given by Eq. (17). Accordingly, a 
different approach is needed to solve the problem. 

THEORETICAL BACKGROUND 

A variety of NMR pulse sequences may be used in 
accordance With this invention to decouple the diffusion 
effects from the T2 relaxation time in an NMR analysis. 
Modi?ed CPMG pulse sequences have been discovered 
Which alloW the portion of the T2 relaxation time, due to 
diffusion effect, to be quanti?ed. 

FIG. 1A schematically shoWs a ?rst generic pulse 
sequence Which alloWs TZD relaxation time to be uncoupled 
from the remainder of the overall T2 relaxation time for 
?uids contained Within a porous media. The pulse sequence 
shoWn in FIG. 1A may be referred to as a Relaxation 
Diffusion 2D (RDZD) pulse sequence. The RDZD sequence 
consists of a preparation portion folloWed by a ?rst WindoW 
and a second WindoW. The preparation portion is a 90° or 313/2 
pulse. The ?rst WindoW comprises a 180° or at pulse and an 
echo spaced apart by a time '51 Which can be varied. The 
bracketed quantity in the ?rst WindoW is repeated N1 times. 
Ideally, these echo spacing 255 are the smallest echo spac 
ings alloWed by the NMR instrument used to acquire the 
echo signals. This minimal echo spacing capability is gen 
erally speci?ed by the manufacturer of the NMR instrument. 
The second WindoW comprises a at pulse and an echo spaced 
apart by a ?xed time '55, and the Whole bracket is repeated NE 
times. Gradient pulses of time Width 6 can be applied on 
each side of the at pulse in the ?rst WindoW. 

Mathematically, this series of pulse sequences may be 
described by the folloWing equations: 

preparation I“ Window 2'” Window 

10 

15 

25 

35 

40 

45 

55 

65 

-continued 
Gradient [-11 — Gk — A — Gk — [1- —]N1 

Where 
313/2 is a 90° pulse; 
at is a 180° pulse; 
Gk is a ?eld gradient pulse of amplitude G having a time 

Width of 6; 
Ais the time betWeen tWo adjacent gradient pulses Gk that 

are symmetrical about the at pulses in the ?rst WindoW; 
Acq denotes acquisition of an echo signal; 
N1 is the number of at pulses applied in the ?rst WindoW; 
NE is the number of at pulses applied in the second 

WindoW; 
t1 is the time delay betWeen the 31/2 pulse and the ?rst 

gradient pulse; 
'51 is one half of the echo spacing in the ?rst window; 
‘is is one half of the echo spacing in the second WindoW; 
subscript x indicates a pulse is applied along the x-axis; 

and 
subscript y indicates a pulse is applied along the y-axis. 
FIG. 1B illustrates a speci?c case of FIG. 1A Where the 

amplitude of the gradient pulse is Zero, i.e., no gradient pulse 
is applied in the overall series of pulses. As shoWn in FIG. 
1B, an NMR pulse sequence is split into a preparation 
portion, a ?rst WindoW and a second WindoW. The ?rst 
WindoW has a WindoW Width of tO Where the echo spacing 
251 is ideally varied from the smallest to the largest I 
allowed, and the diffusion effect is encoded in the ampli 
tudes corresponding to different relaxation times. Such 
information is collected in the second part of the pulse 
sequence using a regular CPMG pulse sequence and the 
smallest available '55. This particular sequences of pulses is 
useful in determining the internal ?eld gradient g for ?uids 
in pore spaces of a porous media. 

For purposes of clarity, each roW of pulse sequences is 
shoWn sequentially offset in FIG. 1B. Ideally, the smallest 
possible echo spacing 255 is used the second part of the 
sequence such that diffusion effects are minimiZed. In the 
?rst part of the sequence, 251 is varied from the smallest to 
the largest values alloWed. 

If the time WindoW for the ?rst WindoW is to, the i-th echo 
acquired by an NMR instrument in the second WindoW of the 
sequence can be Written as 

_,NE (18) NR 
b" I Z flieiuol" )/ T21 + 8i N 

- a T 1:1 

Where NR is the number of T2 relaxation times equally 
spaced on a logarithmic scale preselected for an inversion, 
NE is the number of echoes acquired in the second part of the 
sequence, N1 is the number of different 'c’s, b” is the i-th 
echo of the l-th '5 measurement, ei is the noise for the i-th 
echo, and fl]- the signal intensity associated With the relax 
ation time T2]- of the l-th '5 measurement. The term f,]- can be 
further decomposed to 

.,NR (19) 

Where Ng is the number of gradient components, gk is a set 
of preselected gradient components equally spaced on a 
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logarithmic scale, NR is the number of relaxation times 
equally spaced on a logarithmic scale, ffO is the unattenuated 
pore volume fraction having a relaxation time T2]- (i.e., fl] 
When "ca 0, or the smallest "55), and Pj-k is the normaliZed 
volume fraction Which has a gradient value of gk in the pore 
having a relaxation time Tzj. The Pj-k matrix gives the 2-D 
correlation distribution betWeen the pore siZes and the 
internal gradients. It is the discretiZed form of PJ-(g) in 
Eq.(8). 
NoW that all echo trains are obtained With the same 

smallest '55, the echo trains may be inverted. The T2 distri 
butions obtained are not shifted to shorter relaxation times, 
but instead, all information of the attenuation of the signal 
due to diffusion With different is Within the ?rst WindoW of 
time length tO is contained in flj, Which is proportional to the 
folloWing: 

Here tO is a constant, and is decoupled from the echo train 
measured in the second part of the sequence. In fact, tO need 
not be the same for different '51 experiments, as long as a 
proper sampling is obtained of the variation of the expo 
nential factor in Eq.(20). 

Inversion Process 

The inversion to obtain Pj-k can be accomplished by a 
tWo-step process, solving Eq.(18) and then Eq.(19), by using 
a singular value decomposition method, (Dunn, K. J, and 
LaTorraca, G. A, J. Magn. Reson., 140, 153 (1999)) and 
selecting the proper cutoff of singular values commensurate 
With the noise level. The acquired NMR measurement signal 
is frequently represented mathematically as a sum of expo 
nentially decaying signals, each With an associated T2 relax 
ation time. A set of T2 relaxation times equally spaced in a 
logarithmic scale may be chosen prior to the actual mea 
surement to cover the range of expected signals in a par 
ticular application. Thus, only the amplitudes associated 
With the exponentially decaying components With the pre 
chosen T2 relaxation times are to be solved. The system of 
equations is readily presentable as a matrix equation Ay=b 
Which can be solved using standard softWare routines. The 
matrix A is formed by the exponential decay components at 
different pre-selected relaxation times Tj- and different 
decaying time ti. The data vector b is formed by the echo 
train With each echo at different decaying time ti. The vector 
y to be solved With elements of the amplitudes associated 
With different relaxation times. The singular value decom 
position (SVD) method is one of such Well-known methods 
for such solving of these equations. For example, the method 
is more fully described by Prammer, M. G., in US. Pat. No. 
5,517,115, the teachings of Which are hereby incorporated 
by reference in its entirety. 

The inversion of matrix equation Ay=b using SVD, 
involves decomposing the matrix A into a product of three 
matrices, i.e., A=UWVT, Where U and V are orthonormal 
matrices, VT is the transpose of V, and W is a diagonal 
matrix containing diagonal elements called singular values 
and Zero off-diagonal elements. These singular values are 
usually ordered in a monotonically decreasing manner, i.e., 
W=diag(7»1, k2, . . . , km), Where k1>k2> . . . >7»m>0. To invert 

the matrix and obtain a solution y commensurate With a 
noise level (I, We usually ignore singular values less than Kr, 
Where 7», is determined by (7»1/7»,)=|b|/o, k1 and |b| being the 
largest singular value and the magnitude of the data vector, 
respectively. 
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HoWever, if the '51 values are not properly sampled, the 

error of the ?rst inversion can seriously affect the accuracy 
of the second inversion. 

Alternatively, to minimiZe the error due to tWo-step 
inversion process, a one-step global inversion process can be 
implemented by merging Eqs.(18) and (19) and solving 
fJ-OPJ-k directly: 

NR Ng . NE (21) 

Where the LHS is a vector b” With N'CXNE elements, and the 
RHS is a matrix of (N1><NE)><(NR><Ng) multiplied by a vector 
fJ-OPJ-k With NR><Ng elements. The matrix siZe can be consid 
erably reduced by compressing the spin echo data into a feW 
WindoWs (Dunn, K. J, and LaTorraca, G. A, J. Magn. Reson., 
140,153 (1999)). 
HoWever, such a process creates a relatively large matrix 

and takes long iterative computations to obtain the result. 
Tests have shoWn that both one- and tWo-step inversions 
give similar results if the '5 values are properly sampled 
Within the WindoW of t0 and the inversion error is mini 
miZed. 
The computation ef?ciency can be signi?cantly improved 

by solving fj-O ?rst using Eq.(18) and the data With the 
smallest "c, and removing those columns Where fJ-O’s are Zero. 
This process alleviates dif?culty because the value of e‘WTZ] 
can be so small that it reaches the limit of precision of the 
computer, causing problems in the inversion. 

Method of Determining Properties 
The folloWing method employs principles of the above 

mathematical analysis to analyZe properties of a porous 
medium containing ?uids. First, a static magnetic ?eld B0 is 
applied by a NMR instrument to a porous medium contain 
ing ?uids in pore spaces to polariZe spins of protons in the 
porous medium and ?uids and to create an overall magne 
tiZation. Subsequently, the NMR instrument applies a series 
of differentiated sequences of n radio-frequency (RF) pulses 
to the porous medium and ?uids contained therein. The RF 
pulses are applied at the resonance frequency of the protons 
and at a given external magnetic ?eld to excite the magne 
tiZation. These pulse sequences have a preparation part 
folloWed by a ?rst WindoW of a time length t0 and a second 
WindoW. The portion of the pulse sequence in the ?rst 
WindoW of at least one pulse sequence is differentiated by at 
least one differentiating variable vd from the portion of the 
pulse sequence in the ?rst WindoW of another of the pulse 
sequences. 

Preferably, each of the pulse sequences in the ?rst Win 
doWs are varied from each other pulse sequence in the ?rst 
WindoW by varying the variable vd. For example, in FIG. 1B, 
vd is '51, Which is of increasing time length in each of the 1 
rows of pulses sequences. 
The NMR instrument then acquires induced resonance 

signals from the porous medium and ?uids contained therein 
during the second WindoWs of the pulse sequences. The 
resonance signals are acquired as a function of ti, PA1(tl-), 
and vd, Where ti is the time of the i-th spin echo in the second 
WindoW as measured from initiation of that second WindoW, 
PA1(tl-) is the spin echo amplitude, and vd is the value of the 
differentiating variable. In the example of FIG. 1B, the 
differentiating variable vd is '51, Which varies increasingly in 
time length in each of the 1 series or roWs of pulse sequences. 
The acquired induced resonance signals are processed as 

a function ti, PA1(tl-), and vd to determine properties of the 
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porous medium and ?uids contained therein as a function of 
T2,g, and PA3 Where T2 is the transverse relaxation time of 
the protons, g is the internal ?eld gradient in the pore spaces, 
and PA3 is the amplitude proportional to proton population. 

The processing step may include a ?rst inversion and a 
second inversion. The ?rst inversion inverts the signal as a 
function of ti, PA1(tl-), and vd into values T2, PA2 and vd. 
Subsequently, the second inversion inverts the values T2, 
PA2, and vd, into T2, PA3, one of g and D. 

PA1(tl-) corresponds to bl]- of equation (18) and vd is one 
of the variables in the exponent of equation (19), i.e., gk, "5,, 
and to. In this case, I, is the particular variable Which is 
varied in the ?rst WindoW of the pulse sequences to create 
the differentiated attenuation in the second WindoWs. The 
variable ti in equation (18) is ti. With respect to values 
resulting from the ?rst inversion, T2 is T2]- of equation (18), 
PA2 is flj- in equation (18), and With respect to the results of 
the second inversion, PA3 is fJ-OPJ-k in equation (19). The 
mathematical inversion described above occurs in tWo steps 
and is carried out by a computer algorithm. 

Alternatively, the processing step may be a single global 
inversion Wherein ti, PA1(tl-), and vd are inverted directly into 
T2, PA3, one of g and D. This corresponds to solving eqn. 
(21) for fJ-OPJ-k. 

The use of the differentiated pulse sequences in the ?rst 
WindoWs of the pulse sequences and the initiation of the 
second WindoWs at a time tO accommodates the uncoupled 
quantitative determination of transverse relaxation time T2 
of protons, the internal ?eld gradients g, and amplitude 
proportional to proton population PA3. 

Referring again to the generic pulse sequence of FIG. 1A, 
the portions of the pulse sequences in the ?rst Windows of 
the pulse sequences have at least one of a plurality of at 
pulses and a plurality of gradient pulses Gk_, The at pulses are 
spaced apart by echo spacing 2'51, and the gradient pulses Gk 
are spaced apart by time A betWeen gradient pulses and have 
an amplitude of G and a pulse Width of 6. The variable vd 
Which may be varied in the ?rst WindoW may be any one of 
'51, G, 6, and A. Again, in the example shoWn in FIG. 1B, vd 
Which is varied Was chosen as '51 in each of the l-throW or 
pulse sequences. 

FIG. 1B is the speci?c case of FIG. 1A Wherein the RF 
pulse portion is applied and there is no gradient pulse portion 
applied. This is the case Where the amplitude of the gradient 
pulse Gk is Zero. 

In FIG. 1B, the portions of the pulse sequences in the 
second WindoWs are generally identically to one another. 
Further, the pulse sequences in the second WindoWs include 
a series of at pulses having an echo spacing of 25S. Ideally, 
these echo spacing 2'55 are the smallest echo spacings 
alloWed by the NMR instrument used to acquire the echo 
signals. This minimal echo spacing capability is generally 
speci?ed by the manufacturer of the NMR instrument. By 
minimiZing the echo spacing 255, the diffusion effect 
betWeen at pulses in the second WindoW are similarly mini 
miZed to enhance resolution. 

Multi-Dimensional Display of Properties 
These determined properties of T2, g and PA3 may be 

advantageously plotted as a 2D NMR map or plot. The 
values T2, of g, and PA3 are plotted on orthogonal axes to 
produce a 2D NMR plot to provide visualiZation of these 
properties of the porous medium and ?uids contained 
therein. Preferably, the values T2 and g are plotted on 
logarithmic scales. 

FIG. 2 shoWs the results of CPMG measurements for a 
Water-saturated sandstone core sample using a MARAN 
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14 
ULTRA 2 MHZ spectrometer. The detecting nuclei are 
hydrogen and its resonance frequency is about 2 MHZ. A tO 
of 10.4 ms Was chosen for the ?rst WindoWs of each of pulse 
sequences. The echo spacing 2'51 varies from 0.26 to 10.4 ms 
Within the ?rst part of WindoW to, Whereas in the smallest 
echo spacing 2'55, i.e., 0.26 ms Was used for the second 
WindoW. The initial 31/2 and the at pulses Were 8.2 and 16.3 
us, respectively. The Wait time betWeen pulses sequences 
Was 2 sec., and a total of 3072 echoes Were acquired in the 
second part of the sequence. The signals Were stacked 32 
times With standard four phase cycling to improve the signal 
to noise ratio. 

As shoWn in FIG. 2, a series of T2 distributions Which 
have been inverted from CPMG echo trains of different 'cl’s 
are plotted along the TE (Time betWeen Echoes) axis, going 
from the smallest to the largest echo spacing. At each 
relaxation time T2], the amplitude fl]- is more or less mono 
tonically decreasing as a function of increasing "5,, shoWing 
the enhanced relaxation due to diffusion effect from 
e-y2g21q2Dr0/3~ 

FIG. 3 shoWs an example of a brine-saturated sandstone 
core sample Where moderate paramagnetic impurities are 
present. The experimental conditions are the same as those 
in FIG. 2. The 2-D plot displays the signal intensity (i.e., the 
vertical amplitude, or Z axis, Which is proportional to the 
proton population) as a function of T2 relaxation times along 
one axis (representative of different pore siZes) and internal 
?eld gradients g along the other axis in the xy plane, both in 
logarithmic scale. The cross sectional vieW at a ?xed T2]- is 
the internal ?eld gradient distribution g for that relaxation 
time (or pore siZe). The integration along the gradient axis 
at a ?xed TZJ- gives the T2 amplitude at that relaxation time. 
The total volume integral of the 2-D plot gives the porosity 
of the rock. 

FIG. 4 shoWs another example from a different sandstone 
sample. The experimental conditions Were slightly different 
from those for FIGS. 2 and 3. The length of the ?rst WindoW 
tO Was about 10.2 ms, and the echo spacing varies from 0.34 
to 10.2 ms for the ?rst WindoW of the sequence. For the 
second WindoW of the sequence, the echo spacing Was 0.17 
ms, the Wait time Was 1 sec., and a total of 6144 echoes Were 
acquired. This sample has a bimodal T2 distribution, With the 
small pores centered around 20 ms and the large pores 
centered around 150 ms. The small pores have a dominant 
peak of high internal gradients. 

FIG. 5 is a 2D plot of the internal ?eld gradient distribu 
tions g for different T2 relaxation times (pore siZes) for a 
diatomite sample saturated With both Water and oil, analyZed 
using a single diffusion coef?cient for Water. The peak 
located at the gradient value of about 20 gauss/cm corre 
sponds to oil, Whereas the peak located at the gradient value 
of about 800 gauss/cm corresponds to Water. 

Once the apparent internal magnetic ?eld gradient distri 
bution due to diffusion effect is knoWn, one can substitute it 
back to Eqs. (18)—(20) and remove or reduce its adverse 
effect on the NMR signal through mathematical manipula 
tions. 

The 2D Scheme for Diffusion Coef?cient Map 

A similar analysis can be applied to obtain a 2-D plot With 
the T2 relaxation time on one axis and the distribution of 
diffusion coef?cients D of pore ?uids on a second axis and 
amplitude Which is proportioned to proton population on the 
third axis. This uncoupled determination can be accom 
plished by using pulsed ?eld gradients applied betWeen at 
pulses during the ?rst WindoW. 
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Because the pulsed ?eld gradients are signi?cantly larger 
than the background gradients, a good estimate of the 
distributed diffusion coef?cients can be obtained from the 
inversion of a suite of measurements of different 'c’s. Thus, 
instead of Eq.(19), now: 

(22) 

Where the unknoWn Pj-m to be solved is a distribution of 
diffusion coefficients Dm covering a range of values, and A, 
is the time betWeen the pulsed gradients in the l-th pulse 
sequence, g is the amplitude of the pulsed ?eld gradient, and 
6 is the pulse Width for the gradients. Eq. (22) is the case in 
Which the ?rst WindoW, as shoWn in FIG. 1A, contains a at 
pulse, With the pulsed ?eld gradient Gx applied on each side 
of the at pulse, and the varying parameters vd being 6, A, and 
G. For the case Where the ?rst WindoW contains more than 
one at pulse, the equation is more complicated. 

The result of this analysis is a 2-D plot With its vertical 
amplitude being proportional to the proton population as a 
function of T2 relaxation times (i.e., pore siZes) on one axis, 
and the diffusion coef?cients D (i.e., different pore ?uids) on 
the other axis. FIG. 7 is a schematic illustration of a 2D 
NMR map shoWing amplitude proportional to proton popu 
lation as a function of T2 relaxation time and diffusion 
coef?cient D for a core sample saturated by ?uids. 
Many properties of the porous medium and ?uids con 

tained therein can be obtained from the 2D NMR map. For 
example, the integration of the volume beneath the surface 
is proportional to the porosity of the core sample. As is 
apparent from FIG. 7, the diffusion coef?cient D of oil is 
signi?cantly different from that of Water. Thus, it is possible 
to identify oil from Water in this 2-D plot. The Water 
saturation is given by the volume integral beneath the 
surface of the Water signal. The oil saturation is given by 
volume integral beneath the oil signal. The viscosity of the 
oil can also be estimated by computing the logarithmic 
average of the T2 distribution, TzyLM, and correlating that to 
the viscosity 1] using the empirically determined relationship 
betWeen TzyLM and 11. If the oil peak shoWn at the 2D NMR 
map is at a relaxation time less than that in the empirical 
relationship determined in the laboratory for bulk oils, it can 
be inferred that the oil relaxation rate is enhanced by surface 
relaxation mechanism. Thus the oil Wettability of the pore 
netWork of the porous medium, i.e., core sample, can be 
qualitatively estimated. 

The techniques for obtaining the distribution of diffusion 
coef?cients need not be limited to the use of pulsed ?eld 
gradients described above. Other techniques, such as Tan 
ner’s stimulated echo technique (Tanner, J. E., J. Chem. 
Phys. 52, 2523 (1970)) With varying diffusion time, pulsed 
?eld gradient, or pulse Width can be used in obtaining a 
distribution of diffusion coefficients (Lo, S-W, Hirasaki, G. 
1., House, W. V., and Kobayashi, R., SPE Paper 63217, 
Society of Petroleum Engineers, Dallas, Tex. (2000)). 

For example, Tanner’s sequence is shoWn in FIG. 6. This 
sequence is a RD2D pulse sequence using stimulated echo. 
RD2D refers to a relaxation-diffusion 2D pulse sequence. 
Each pulse sequence comprises a preparation portion fol 
loWed by ?rst and seconds WindoWs Wherein the preparation 
portion is a 31/2 pulse and the ?rst WindoW includes tWo 313/2 
pulses. The ?rst 313/2 pulse folloWs the initial 313/2 pulse after 
a time '51, the second 313/2 pulse folloWs the ?rst 313/2 pulse by 
'52, and an echo appears after a time '51 from the second 313/2 
pulse; and a second WindoW comprises a at pulse and an echo 
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16 
spaced apart by a ?xed "us, which is preferably the smallest 
echo spacing alloWable by the NMR instrument, and the 
pulse sequence in the second WindoW is repeated NE times. 
The gradient pulses of time Width 6 are applied during the 
"U1 periods in the ?rst WindoW. 

Mathematically, this series of pulse sequences can be 
described by the folloWing equations: 

prepar 
lS' Window 2nd Window 

ation 

7r 7r 7r —T1 — acq — 
RF: — — — — — — — (2)1; Tl (2)1; T2 (2)1; [—TS—7ry—TS—acq—]NE 

Gradient —I1—Gk—————A — — — — ——Gk—t1—— 

Where 

313/2 is a 90° pulse; 
at is a 180° pulse; 

Gk is a ?eld gradient pulse of amplitude G having a time 
Width of 6; 

A is the time betWeen tWo adjacent gradient pulses that are 
symmetrical about the tWo 313/2 pulses in the ?rst 
WindoW; 

Acq denotes acquisition; 
NE is the number of at pulses applied in the second 

WindoW; 
t1 is the time delay betWeen the 31/2 pulse and the ?rst 

gradient pulse; 
'51 is the time betWeen the initial 313/2 pulse and the ?rst it 

/2 pulse in the ?rst Window; 
"52 is the time betWeen the ?rst 313/2 pulse and the second 

313/2 pulse in the ?rst window; 
‘is is one half of the echo spacing (TE) in the second 

WindoW; 
subscript x indicates a pulse is applied along the x-axis; 

and 

subscript y indicates a pulse is applied along the y-axis. 

3D Scheme of Display 

A3-D scheme is even possible Where Eq. (22) is replaced 
by the full consideration of internal ?eld gradients g and 
diffusion coef?cient distributions D simultaneously. If the 
distribution of internal ?eld gradients are signi?cant, they 
can be incorporated into the data analysis using a global 
inversion scheme. 

This is done by including the internal ?eld gradients, gk, 
in Eq.(22), and generaliZing it into the folloWing form: 

Ng ND j=l,...,NR (23) 

fl,- = f?ZZPJ-MD... gong. gk. Dm. Al. 6) +51. l=1, ---NA 

Where 

In this case, the variable vd may be chosen as any one of 
"c, G, 6, and A. The processing step may include a ?rst 
inversion and a second inversion. The ?rst inversion inverts 
the signal as a function of ti, PA1(tl-), and vd into values T2, 
PA2 and vd. The second inversion inverts values T2, PA2, 
and vd, into T2, PA3, one of g and D. Alternatively, the 








